A Tree -ring analysis was conducted to determine the relationship of sulfur emissions from the lead /zinc smelter at Trail, B.C. to radial growth in western larch (Larix occidentalis Nutt.). Tree cores were collected from five stands known to have been polluted and from three control stands.
Introduction
Air pollution in general and sulfur dioxide in particular are well known to adversely affect forested ecosystems (Smith 1981) .
Physiological and morphological responses of plants to sulfur dioxide are well documented (Heck and Brandt 1977; Mudd and Kozlowski 1975; Barrett and Benedict 1970) . Such responses may manifest themselves within the tree as reduced tree -ring widths, a phenomenon which has been experimentally demonstrated for sulfur dioxide by Keller (1980) . Reduced ring widths have been 10 found in several areas where sulfur dioxide was known to occur in 11 elevated concentrations (Lir.zon 1971; Scheffer and Hedgcock 1955; 12 Thompson 1981; Vins and Mrkva 1973) .
However, relatively few 13 studies have quantitatively related tree -ring variability to 14 sulfur emissions (Dassler and Smith in Horntvedt 1970; Phillips 15 et al. 1977) .
The objective of the current study is to 16 quantitatively relate tree -ring variation in western larch (Larix 17 óccidentalis Nutt.) to sulfur emissions from the lead -zinc 18 smelter at Trail, British Columbia. In doing so, we acknowledge 19 the potential effects of other pollutants but feel there is ample 20 evidence that sulfur dioxide was primarily responsible for damage to the vegetation in the area (Katz 1939 , Dean and Swain 1944 , Scheffer and Hedgecock 1955 .
Tree rings vary as a function of a variety of factors. A major portion of year to year variation in tree -ring series is directly attributable to climatic variation (Fritts 1976) , a factor important to growth not only in the year during which the Fox -2 tree ring develops but also in succeeding years. Tree age, tree geometry, and local site factors also influence tree -ring variation (Fitts 1976) . By applying the principles of dendroecology (Fritts 1976 , Thompson 1981 , Puckett 1982 , Cook 1985 , we can account for these effects and quantitatively relate sulfur emissions to variation in annual growth of western larch.
Site Description and History
The lead -zinc smelter at Trail is located in a relatively 10 narrow and deep portion of the Columbia River valley where the 11 mountain slopes rise steeply but rarely precipitously from 12 terraces along the river (ca. 400 m) to elevations exceeding 13 1300 m within a few km (Scheffer and Hedgcock 1955; Archibold 14 1978 ).
This topography constitutes a natural channel for the 15 smelter gases which are confined to the valley and drift up or 16 down the valley with approximately equal frequency (Katz 1939 (Katz , 17 1949 Hewson 1944; Dean and Swain, 1944) , 18 The history of smelting activity at Trail since its 19 initiation in 1896 is well documented by Katz (1939) . The Trail (Katz 1939; Scheffer and Hedgcock 1955 Approximately 2100 tons of sulfur per month were released during the first period and 900 tons during the latter period (Scheffer and Hedgcock 1955) . These amounts of sulfur output were relatively small, according to Scheffer and Hedgcock (1955) , and affected only a local area.
Fox -4
Methods
The selection of sampling sites and tree species to be cored was based on four criteria.
(1) Perhaps the most important criterion was that the trees must be datable. That is, it must be possible to accurately assign specific years to each of the annual growth rings.
(2) To establish a satisfactory control period, the trees must date prior to 1896 (i.e. prior to the initiation of smelting activity). The only tree species found to meet these four criteria and 20 occur in relatively homogeneous stands near the Trail smelter was western larch. Five sampling sites of western larch (Table 1 and were established in a region documented to be free from the smelter effects (Katz 1939; Scheffer and Hedgcock 1955) but as similar as possible to the other sites (Fig. 1) . exact calendar year to each ring in each core (Stokes and Smiley 1968) .
Lack of this crucial dating control procedure has been a major criticism of a number of air pollution studies (Thompson 1981) .
To ensure the reliability and accuracy of the dates assigned, an independent verification of the dating was performed by given that all other independent variables are already included in the model (Neter et al. 1983 ). The coefficient of multiple determination (R2) statistic is familiar to most as a ratio of the regression sum of squares (SSR) and the total sum of squares (SST).
However, because coefficients of partial determination are less commonly used, we provide a short description of their application in our study.
In our general regression model, several sources of variation can be defined.
The residual Mean ring width did not show any consistent variation with distance from the smelter ( That is, the polluted site trees were more ( Fig. 4 ) except for Gorge Creek, which was higher in elevation 14 than the other sites (Table 1) , and Boundary, which differed in 15 its pattern of growth during the late 1880's (Fig. 3) . Thus, the 16 control chronologics matched the polluted chronologies to varying 17 degrees, but they were deemed sufficient to describe the 18 macroclimatic signal in the data. 19 The fit of the full model (including control and sulfur 20 variables) to each of the data sets during the pollution period was consistently high (Fig. 4 ; solid line) (the Sheep Creek points at 19.4 km were not connected for the prestack data because of the probable effects of the Northport smelter (Fig. 3) ). Again, these regressions were performed for poststack, drought and nondrought, and for prestack nondrought years. Although The goodness of fit of these regressions is as indicated by the coefficients of partial determination in Fig. 4 (longdashed line).
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The inverse effect of sulfur emissions on ring width during poststack years is revealed by the negative slopes of the regression lines (Fig. 5) 1974; Phillips et al. 1977; Westman 1974) .
Pollution effects were consistently greater in nondrought years; slopes in residual on residual regressions (or equivalently in multiple regressions) in nondrought years were always more negative when compared to drought years at each site. Such a result might be expected for two reasons.
(1) Nondrought years are by definition more favorable for growth and therefore produce larger tree rings. Greater mean ring width implies a greater potential loss to anthropogenic stresses.
(2) Tree susceptibility to air pollution may be reduced during drought years. Under water stress, stomata are more frequently closed (Kramer and Kozlowski 1979) , and, because stomatal entry is an often cited pathway for air pollution injury, the potential 10 for sulfur dioxide effects may be reduced. The chronology statistics also suggest an indirect effect of air pollution on western larch. Mean sensitivity displayed a consistent distance gradient, and the variance in common to all trees and cores from a site was higher for the polluted sites.
Thus, ring widths from stands subject to pollution stress had more high frequency variance, and the trees within these sites 10 were more synchronized in their growth. This pattern implicates 11 smelter emissions as an external factor limiting radial growth. 12 However, sulfur emissions, as illustrated in Fig. 3 , appear to 13 have been a low frequency signal that would have more likely 14 reduced the proportion of high frequency variance than 15 increased it. 16 It is possible that the sulfur series had a higher frequency This variability has relatively high frequency and Thus, it appears that the indirect effect of pollution on these stands that affected their growth pattern occurred after sulfur emissions returned to more moderate levels --levels which are supposedly not detrimental to tree growth (Katz 1939; Scheffer and Hedgecock 1955; Dean and Swain 1944; Archbold 1977 Archibold (1976, 1978) Concentrations of these metals in the soil at sites nearest the smelter were 5 -10 times greater than those at Ross (Table 3 ). The pH did not vary greatly among the sites.
A consistent distance relationship was not apparent for any of the measures, but interactions with topography and parent material may have produced some variation.
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Trace metals in the soils may have a long -term influence on tree growth primarily by altering nutrient cycling (Smith 1981);  direct effects were presumeably swamped out by the more acute sulfur dioxide toxicity prior to pollution control. Impaired nutrient cycling in these forests from trace metal toxicity to litter decomposers and symbiotic microorganisms (such as mycorrhizae) may constitute a chronic stress increasing the sensitivity of these trees to climatic fluctuations. It is also possible that trace metals alone or in combination with chronic 10 sulfur dioxide exposure were responsible for the increase in 11 variability observed. Elevated cadmium in the soil has been 12 shown to reduce growth of seedlings (Kelly et al. 1979) , and 13 trace metal concentrations in annual rings have been associated 14 with reduced radial growth (Symeonides 1978 , Robitaille 1981 Baes and McLaughlin 1984).
16
Alternative and more direct than the above mechanisms for the 17 increase in synchronous high frequency variance is the direct 18 effect of chronic low levels of sulfur dioxide still occurring. average over stand.
# relative to 0°N. from smelter. (%) * Polluted sites are arranged in order of increasing distance from the smelter.
+ The last 3 sites are controls. 
